The introduction of mirror fermions with masses between the weak scale and 1 TeV could offer a dynamical origin to the standard-model electro-weak symmetry breaking mechanism. The purpose of this work is to study the dynamics needed in order to render models with such a fermion content phenomenologically acceptable. * e-mail:georg@ph.tum.de 0
The standard-model description of the electro-weak interactions of elementary particles is in general agreement with present experimental data. In this model, the Higgs mechanism is implemented in order to break spontaneously the SU (2) L × U (1) Y gauge symmetry, to give fermion masses and to unitarize the W + W − scattering amplitude. Naturalness arguments (the hierarchy problem) have frequently led to studies where this mechanism is just an effective low-energy description of strong non-perturbative dynamics involving new gauge and matter degrees of freedom, in which case the Higgs particle is a composite state of new fermions whose condensate breaks dynamically the electro-weak symmetry.
On the other hand, the proximity of the top-quark mass to the electroweak scale suggests an active role of the top-quark to such a condensate. However, relevant studies have shown that the top quark by itself is hardly heavy enough to reproduce the weak scale correctly, and in any case cannot eliminate the fine-tuning problem [1] . A solution to this issue is to introduce new particles which mix with the top quark and which are heavy enough to break the electro-weak gauge symmetry at the right scale. This not only eliminates the need for excessive fine tuning which plagues the simpler top-condensate models, but also allows for a naturally heavy top quark.
A model was recently presented along these lines involving mirror fermion generations, i.e. fermions with interchanged isospin charges in a left-right symmetric context [2] . A first speculation for the existence of mirror fermions appeared in the classical paper on parity violation [3] that led to the V-A interaction models. Such a gauge group and fermion extension, apart from fitting nicely into unification schemata, restores the left-right symmetry missing in the standard-model or in the simplest left-right symmetric models. In this way it also provides a well-defined continuum limit of the theory, something which is usually problematic due to the Nielsen-Ninomiya theorem [4] .
The left-right symmetric approach to standard-model extensions renders the baryon-lepton number symmetry U (1) B−L more natural by gauging it, and has also been proposed as a solution to the strong CP problem when accompanied with the introduction of mirror fermions [5] . Moreover, it proves to be economical by identifying the source of the strong dynamics which break the electro-weak symmetry dynamically with a "horizontal" generation gauge group in the mirror sector which, apart from preventing the pairing-up of the standard-model generations with the mirror ones, provides also the intra-generation mass hierarchies.
Furthermore, even if the number of fermion generations is related to the topology of a manifold in the context of superstring theories, the equality of the number of generations and mirror generations eliminates the need to resort to complicated Calabi-Yau compactifications in order to explain the chiral asymmetry of the standard model with use of the Atiyah-Singer theorem [6] . In such a superstringinspired unification, possibly connected to N = 2 supergravity, the standard-model fermions would have both mirror and supersymmetric partners. The present approach corresponds to breaking supersymmetry and leaving the supersymmetric partners close to the unification scale, and bringing the mirror partners down to the weak scale, altering thus radically the expected phenomenology.
In this paper, the dynamics needed to make such a mechanism phenomeno-logically viable are reconsidered. In particular, it proves necessary to review somewhat the dynamical assumptions made in Ref. [2] . In that work it was unclear why the characteristic scale of the strong group responsible for the fermion gaugeinvariant masses happened to be so close to the scale where the strong interactions breaking electro-weak symmetry became critical. Furthermore, the previous model could not provide a see-saw mechanism for the standard-model neutrinos, and it needed some fine-tuning in order to prevent some fermions from acquiring large masses.
In the present approach, only the mirror particles are coupled strongly and dynamically involved in the breaking of SU (2) L . By eventually breaking the mirrorgeneration symmetries, small gauge-invariant (by this we mean here and in the following gauge-invariant under the standard-model gauge group, unless otherwise stated) masses are allowed which communicate the electro-weak symmetry breaking to the standard-model fermions by mixing them with their mirror partners.
This model has neither "sterile" nor SU (2) L -doublet light mirror neutrinos, as in [7] for example, which would pose problems with experiment. After the mass hierarchies are computed within this context, phenomenological consequences like electro-weak precision parameters, CKM matrix elements, flavor-changing neutral currents (FCNC) and decays are discussed.
The model 2.1 Gauge and matter fields
The starting point of the present work is the gauge group structure SU (4)
The group SU (4) P S is the usual Pati-Salam group unifying quarks and leptons, and SU (2) L is the group of weak interactions. The gauged symmetry SU (2) 2R acts only on the mirror fermions. It does not play any significant role in the dynamics that follow, and it could have equally well been broken at much higher scales, but only via an SU (2) 2R -doublet scalar vacuum expectation value (vev), in order to avoid a see-saw mechanism producing too light Majorana mirror neutrinos. The corresponding symmetry for the ordinary fermions SU (2) 1R has already been broken down to U (1) 1R by an SU (2) 1R -triplet vev at higher scales, in order to allow the see-saw mechanism to produce light Majorana standard-model neutrinos.
The group SU (3) 2G is a horizontal gauge symmetry also acting only on the mirror fermions, which becomes strong at around 2 TeV. All other groups are taken to have weak couplings at this energy. The corresponding symmetry for the standard-model fermions SU (3) 1G has already been broken down to U (1) G at higher scales, at once or sequentially, in order to avoid large FCNC.
Under the above gauge structure, the following fermions are introduced, which are left-handed gauge (and not mass) eigenstates and transform like
Generations
Mirror generations
where g = 1, 2, 3 is a generation index, with q 1 = κ, q 2,3 = −κ ∓ ≡ −(κ ∓ 1)/2, and κ an arbitrary abelian charge corresponding to the group U (1) G . The superscript M denotes the mirror partners of the ordinary fermions, and c denotes charge conjugation. For the sake of compactness here and in the following the two members of the doublets of the broken SU (2) 1R symmetry are included in the same parenthesis.
One observes that the generation symmetries play a very important role at this stage, and this is to prevent the formation of large gauge-invariant masses.
Pairing-up of standard-model and mirror generations is thus prohibited, in agreement with what is usually called "survival hypothesis" [8] . Note also that anomalies are canceled between the fermion generations. One could have taken alternatively q g = k for all three generations and let anomalies be canceled with the U (1) G charge of a hypothetical fourth fermion generation that has already decoupled from the physics we study. A relevant example will be discussed in the Appendix.
Even though this quantum number assignment is reminiscent of technicolor with a strong group SU (N ) T C ≈ SU (3) 2G , there is no corresponding extended technicolor (ETC) group, the new anti-particles transform under the same (and not the complex conjugate) representation of the strong group as the new particles, and there is a left-right interchange of weak isospin charges. In addition, the strong group in the present case eventually breaks, as it will be seen in the following. One should furthermore not confuse the present model with other "mirror" fermion approaches, like in [9] for example, where all components of the new fermions are singlets under SU (2) L and interact only gravitationally or marginally with the standard-model particles, and which obviously cannot break the electro-weak symmetry dynamically.
Getting to the standard model
At high energy scales that do not enter directly in this work, the Pati-Salam group is assumed to break spontaneously like SU (4) P S ×U (1) 1R −→ SU (3) C ×U (1) Y , where SU (3) C and U (1) Y are the usual QCD and hypercharge groups respectively. Much later, at scales on the order of Λ G ≈ 2 TeV, the mirror generation group breaks sequentially, just after it becomes strong, like
where the star superscript denotes here and in the following a broken gauge symmetry. We keep track of the U (1) G ′′ charges because, even though the corresponding gauge group is eventually broken, they could prove useful to the qualitative understanding of the fermion mass hierarchies in the model, as will be seen later. It is not attempted here to investigate how exactly these breakings occur, and for simplicity it is enough to assume that a Higgs mechanism is responsible for them, effective or not. The issue of generation symmetry breaking will be discussed again in the Appendix.
The first spontaneous generation symmetry breaking
by φ 3 and transforming like (3, κ) under the generation symmetry acquiring a nonzero vev. Note that the group SU (3) 2G could in principle also self-break dynamically via the fermion-condensation channel 3 × 3 −→3 if it were given time to become strongly coupled at this energy scale. This breaking channel would however leave the mirror fermions without U (1) G ′ charge, and we would like to avoid that for reasons that will become clear shortly.
The fermions have the following quantum numbers under the new gauge
The 3rd & 2nd generations
The 3rd & 2nd mirror generations
The 1st generation The 1st mirror generation
where the superscripts 1,...,3 indicate the fermion generations. Moreover, the letters q and l stand for quarks and leptons respectively. Note thatψ R ψ M L mass terms are prohibited by the SU (2) 2G symmetry for the second and third generations, and by the SU (2) 2R symmetry for all generations.
At a scale quite close to Λ G , the SU (2) 2G × U (1) G ′ group spontaneously breaks sequentially to U (1) G ′′ and this down to The 2nd mirror generation The 3rd mirror generation
while the first mirror generation and all the standard-model generation quantum numbers are left unchanged.
The breakings of the mirror generation symmetries described above induce at lower energies, among others, effective four-fermion operators F of the form
for the three mirror fermion generations, where λ are effective four-fermion couplings and the generation indices are omitted for simplicity. The fermion bilinears in
The next step is to assume that, in a manner analogous to top-color scenarios [10] , the SU (2) 2G group is strongly coupled just before it breaks, and it is therefore plausible to take the effective four-fermion couplings λ to be critical for the mirror fermions of the third and second generations, like in the Nambu-Jona-Lasinio model
EM group of electromagnetism. Consequently, apart from the electro-weak bosons one has now also SU (2) 2R massive bosons, but these are only exchanged between mirror fermions.
The mass generation
The fermion condensates described above give to the mirror fermions symmetrybreaking masses of order M ≈ rΛ F via the operators F , with r a constant not much smaller than unity if one wants to avoid excessive fine-tuning of the four-fermion interactions. Effective operators of the
by the broken SU (3) 2G interaction feed down gauge-symmetry-breaking masses to the first mirror generation. The fact that all mirror fermions get large masses of the same order of magnitude due to the critical interactions avoids fine-tuning problems that would appear if mass hierarchies were introduced by allowing only some of them to become massive, as is done in [11] . Moreover, to avoid breaking QCD and electromagnetism, it is assumed that most-attractive-channel arguments prevent quark-lepton condensates of the form <q M L l M R > from appearing.
If generation symmetries were left intact, the mass matrix M for all the fermions would have the form
where the 4 elements shown are blocks of 3 × 3 matrices in generation space and M the dynamical mirror-fermion mass due to the strong generation interactions.
However, the broken generation symmetries allow the formation of gauge-invariant masses, and the mass matrix M takes the form:
where the diagonal elements are gauge-symmetry breaking and the off-diagonal gauge-invariant.
The off-diagonal mass matrices can be generated by Yukawa couplings λ ij Some remarks relative to the (1,1) block entry of the mass matrix are in order. First, there are no <ψ R ψ L > condensates at these high energy scales. Then, after careful inspection of the quantum numbers carried by the gauge bosons of the broken groups one observes that there are no four-fermion effective operators of the
or any other gauge-invariant operators for any generation which would feed gauge-symmetry-breaking masses to the ordinary fermions at this stage.
3 Phenomenology
Masses and mixings
We start by calculating the mass hierarchies produced by the model, since they For simplicity, the mass matrices in the following are taken real and having the form
for the up-type quarks (U ), down-type quarks (D) and charged leptons (l). We give as a numerical example forms for the off-diagonal gauge-invariant mass submatrices of the up-type and down-type quark sectors for illustration purposes (with obvious correspondence between column and row numbers with generation indices): The gauge-symmetry breaking masses of the first mirror generation are taken to be smaller than the ones of the two heavier generations because they are fed down by effective operators that are not critical like the ones for the other mirror generations.
It is also expected that the dynamics provide some custodial symmetry breaking which is responsible for the mass difference in the up-and down-quark sectors.
The U (1) Y could be in principle the source of this difference, but we do not speculate on how this is precisely realised here. One has to further stress that the splitting of M U and M D is not a priori needed to produce the top-bottom quark mass hierarchy , but it is introduced only to better fit the experimental constrains on the electro-weak parameters, as will be seen later.
These mass matrices give, after diagonalization and without the need for any fine-tuning, the following quark and mirror-quark masses (given in units of GeV):
Standard-model quarks Mirror quarks
The ordinary quark masses given are slightly smaller than the ones usually quoted because the values reported here are relevant to the characteristic scale of the new strong dynamics which is around 2 TeV, and one has therefore to account for their running with energy. The formalism presents no inherent difficulty whatsoever producing larger masses for these fermions.
The generalization of the standard-model CKM quark-mixing matrix in this scenario is a unitary 6 × 6 matrix of the form
where the matrices
J U,D being the two 6 × 6 diagonal mass matrices of the up-and down-quark sector.
The generalized CKM matrix has the form
and the usual standard-model CKM matrix V CKM is one of its submatrices given 
which is consistent with present experimental constraints.
One observes that the standard-model top-quark field t L (t c R ) has a non-
t M R t L mass terms, and this is reflected on the reported value of |V tb | = 0.95. This is particularly apparent in the third-generation fermions to which correspond larger gauge-invariant masses, since the fermion-mirror fermion mixings are given roughly by the ratio m ii /M ii . Present experimental data give |V tb | = 0.99 ± 0.15 [14] .
More precise future measurements of this quantity should show deviations from its standard-model value which is very close to 1 assuming unitarity of the mixing matrix V CKM . Larger mirror-fermion masses can diminish this effect by reducing the corresponding mixing of the mirrors with the ordinary fermions.
In fact, indirect experimental indications for the existence of SU ( 
The third generation is here the main reason why this matrix is not diagonal (The entries (1,1) and (2,2) are close to unity because of the diagonal form of M U,D , but not exactly unity, so that the unitarity character of the mixing matrix V G is preserved.) Furthermore, the matrices V 1 and V 2 mix the up-quark sector of the standard model with the down mirror-quark sector and vice-versa, and are given 
The elements of these matrices are very small, apart from
which account for the smallness of |V tb |. This is expected, since, apart from the top quark, the gauge-invariant masses responsible for the mixing are much smaller than the gauge-symmetry breaking masses. One cannot expect therefore to find observable FCNC effects involving the first two generations, like deviations in the At this point it is not claimed that the mass-matrix elements given above can be calculated explicitly within this model, since these could in principle receive important non-perturbative contributions. We just want to illustrate that it is feasible in principle within this context to generate the correct mass hierarchies and CKM angles. However, a qualitative understanding of the relative magnitudes of these matrix elements could be provided by taking the abelian generation charge κ to have a value κ ≈ 1. In that case the U (1) * G ′′ charge of the third generation is close to one and the corresponding fermions can easily acquire large gauge-invariant masses which are close to the gauge-symmetry breaking ones due to the additional attractive interaction, and this could explain the hierarchy between the third and second generations.
In order to explain the hierarchy between the first and second generations also with help of the U (1) * G ′′ interactions, the charge κ should be further restricted.
More precisely, the inequalities κ 2 < κ 2 − < κ 2 + are satisfied only for 0 < κ < 1/3.
Regarding intergeneration mixing, one observes that it it small when it involves the first and third generations and larger between the first and second generations, probably because the U (1) * G ′′ force of the former is more repulsive. In any case, having now the mass hierarchies allows us to tackle various other phenomenological issues.
The weak scale and the electro-weak precision data
We next proceed by giving an estimate for the dynamically generated weak scale v.
A rough calculation using the Pagels-Stokar formula gives The S parameter [16] could be problematic in this scenario however, since 12 new SU (2) L doublets are introduced. The main negative effect able to cancel the corresponding large positive contributions to S coming from "oblique" corrections is the existence of vertex corrections stemming from 4-fermion effective interactions, which can give rise to similar effects as the ones induced by light SU (2) L -invariant scalars known as "techniscalars" [17] .
More precisely, it is argued that the effective Lagrangian of the theory, after the spontaneous breaking of the U (1) G ′′ generation symmetry, contains terms which can lead to a shift to the couplings of the top and bottom quarks to the W ± and Z 0 bosons. In particular, there are four-fermion terms involving 3rd generation quarks and their mirror partners given by
where the λ's and Λ's are the effective positive couplings and scales of the corresponding operators renormalized at the Z 0 boson mass, and the subscripts n, c indicate whether the participating fermions have the same hypercharge or not.
Note that terms like
, where τ a , a = 1, 2, 3 are the three SU (2) L generators, cannot be generated here in perturbation theory, unlike analogous terms in extended technicolor models. Anyway, such terms would produce shifts only to the left-handed fermion couplings, and these are already too much constrained from LEP/SLC data to be of any interest here.
Adopting the effective Lagrangian approach for the heavy, strongly interacting sector of the theory [18] , the two mirror-fermion currents are expressed in terms of effective chiral fields Σ likē
where the covariant derivative D µ is defined by
The g and g ′ above are the couplings corresponding to the gauge fields W µ a and B µ of the groups SU (2) L and U (1) Y respectively. The chiral field Σ = e 2iπ/v transforms like LΣR † with L ∈ SU (2) L and R ∈ U (1) Y as usual, with hypercharge Y = τ 3 /2 andπ = τ a π a /2 containing the would-be Nambu-Goldstone modes π a "eaten" by the electro-weak bosons.
In the unitary gauge Σ = 1, and the currents given above induce shifts in the standard-model Lagrangian of the form
with the non-standard fermion-gauge boson couplings expressed by
After Fierz rearrangement of the terms in the effective Lagrangian L eff , the scales Λ n1,n2,c1,c2 can be seen as masses of effective scalar SU ( Alternatively, one may think of effective four-fermion operators of the gen-
where the dimensionful form factors O are influenced by non-perturbative effects and are renormalized differently to lower scales according to the couplings and masses of the participating fermions. The operators in question are gauge-invariant and on dimensional grounds irrelevant. Therefore, the corresponding form factors related to heavier fermions are in general expected to be more seriously damped at lower scales than the ones corresponding to lighter fermions, in accordance to the decoupling theorem [19] . This fact gives the potential to S to receive substantial negative contributions, as will become clear next.
It is as a matter of fact difficult to predict the values of the effective couplings of the operators that determine the fermion anomalous couplings, since they are influenced by non-perturbative dynamics. The values of the various terms are here chosen for illustration purposes to be (this is a combined fit including information on δg L and the S and T parameters [20] ). It works here against δg t R since it contributes positively, by a comparatively small amount, to the S parameter. It is already so tightly constrained that, even if it turns out to be positive, it will not change our conclusions substantially. The coupling δg t R is of course not yet constrained, and it is therefore a good candidate for a possible source of the large vertex corrections needed in this model.
One should expect therefore that, apart from the model-independent "oblique"
contributions to the electro-weak precision parameters S and T = ∆ρ/α (where α is the fine structure constant), denoted by S 0 and T 0 , these parameters receive also important vertex corrections S t,b and T t,b due to the top and bottom quarks, which should be given in terms of the anomalous couplings calculated above. The "oblique" positive corrections to S are given by S 0 = 0.1N for N new SU (2) L doublets, assuming QCD-like strong dynamics. On the other hand, the mass difference between the up-and down-type mirror fermions produces a positive contribution to T 0 . Considerations in the past literature with mirror fermions or vector-like models which can give very small or negative S 0 and T 0 do not concern us here because they are, unlike the present case, based on the decoupling theorem due to the existence of large gauge-invariant masses [2] , [21] .
By summing up these effects therefore, one finds for S and T the expressions
[20] (16) where
denote the masses of the up-and down-type mirror quarks, N = 12 in the present case, and Λ is the cut-off, which is expected to be close to Λ G .
Contributions to S 0 and in T 0 from the lepton sector are calculated assuming Dirac mirror neutrinos.
Nevertheless, one has to stress here that no isospin splitting whatsoever is required a priori in the mirror sector in order to get the top-bottom quark mass hierarchy, since this can be produced by differences in the gauge-invariant mass submatrices. The dynamical generation of this hierarchy does not lead to problems with the T parameter, and this can be traced to the fact that the fermion condensates which break dynamically the electro-weak symmetry are distinct from the electro-weak-singlet condensates responsible for the feeding-down of masses to the standard-model fermions. This is contrary to the usual ETC philosophy and closer to the conceptual basis of [22] . The reason this isospin asymmetry is introduced here is only to cancel the large negative contributions to the T parameter coming from the vertex corrections, as will be seen in the following.
By using the fermion masses and anomalous couplings calculated above, one finds that the parameters S and T are given by
The present best-fit values for the electroweak parameters are (note that this is again a combined fit including b-quark anomalous-coupling information [20] ) S = −0.40 ± 0.55
One observes therefore that for cut-off scales Λ equal or larger than about Λ G ≈ 1.8
TeV negative values for the S and T parameters consistent with experiment are feasible, i.e. S < ∼ − 0.15, T < ∼ − 0.2, and this is mainly due to the large negative anomalous coupling δg t R . Similar values for the electro-weak precision parameters could be achieved with smaller anomalous couplings accompanied with a larger cutoff Λ. This would lead to lighter mirror fermions in order to reproduce the weak scale correctly, something that would also automatically imply a larger fermionmirror fermion mixing, but it would have the undesirable effect of increasing the fine tuning in the model.
It should not be forgotten nevertheless that it is attempted here to study non-perturbative theories with dynamics not easily calculable. For instance, since some of the new fermions introduced have masses close to the scale Λ G , the effective theory is studied very close to the cut-off where it is expected to lose its accuracy, and the corresponding results could be consequently distorted. Moreover, the numbers quoted are very model-dependent and far from having general validity, since different assumptions about the effective couplings and scales involved would lead to different values for the S and T parameters.
One should furthermore note that in such a type of calculational schemes it seems like an accident that the T parameter is so close to zero, since slight deviations in the parameters can shift it to large positive or negative values due to the large parenthesis prefactor. The large negative contributions to T can be traced to the large absolute value of δg t R which in its turn is needed to cancel the large positive contributions to the S parameter. This problem would be therefore less acute if the "oblique" positive corrections to S were smaller and a smaller δg t R would thus be able to accommodate the experimental data.
One way to achieve this is to note that the generation group is broken, leading to non-QCD-like strong dynamics. If this makes the mirror-fermion masses run much slower with momentum, it can reduce the positive contributions to the S parameter even by a factor of two [23] . In any case, the purpose of the numerical example presented is merely to illustrate that theories of this type may potentially produce negative S and T parameters, which in general is not easy in dynamical symmetry breaking scenarios.
Decays
We now proceed to the discussion of the mirror particle decays. Stable mirror particles are not expected, since they all have interactions which should make them decay eventually to standard-model fermions. In particular, the heavier mirror fourth generations pair-up and disappear from the low energy spectrum. In this context the three lighter mirror-fermion generations could have U (1) 2G couplings from the start, with a natural value for the U (1) iG charges being κ = 1/3. Still at unification scales, the group G 1 × G 2 breaks spontaneously down to its diagonal
The SU (2) 1R group is assumed next to break spontaneously down to U (1) 1R
via an SU (2) 1R triplet, in order to allow for a see-saw mechanism for the standard- 
